Journal of Environmental Chemical Engineering 11 (2023) 111298

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

FI. SEVIER

Ni-WC/Al,03 and Ni-WC/MgWO,4/MgAl;04 catalysts for resource recovery @&
via pyrolysis combined with the dry reforming of plastics (PCDR)

Izabela Wysocka * ", Jakub Karczewski ”, Michat Maciejewski b Barbara Koscielska ",
Adam Kubiak “, Andrzej Rogala ®, Jacek Gebicki*

@ Gdansk University of Technology, Faculty of Chemistry, Department of Process Engineering and Chemical Technology, Narutowicza 11/12 St., 80-233 Gdarsk, Poland
Y Gdansk University of Technology, Faculty of Applied Physics and Mathematics, Institute of Nanotechnology and Materials Engineering, Narutowicza 11/12 St., 80-233
Gdansk, Poland

¢ Adam Mickiewicz University, Faculty of Chemistry, Uniwersytetu Poznanskiego 8, PL-61614 Poznari, Poland

ARTICLE INFO ABSTRACT

Editor: Apostolos Giannis Plastic waste (PW) is currently one of an environmental threat. Despite the increasing share of recycled plastics,
their disposal remains high. Therefore, there is a high demand for new PW management systems. Among them,
pyrolysis combined with dry reforming (PCDR) is an advantageous solution because it allows for resource re-
covery in the form of gas and liquid fuels, with simultaneous utilization of CO,. To date, catalysts based on Ni,
Co, and noble metals supported on metal oxides have been examined. However, these catalysts suffer from quick

deactivation due to coking and sintering. Therefore, testing other materials for PCDR is of particular importance.
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Nickel
Carbon dioxide In this regard, Ni-WC/Al;03 and Ni-WC/MgWO,4/MgAl,04 were investigated as potential PCDR catalysts. The
Syngas catalysts were characterized by BET, BJH, XRD, CO2-TPD, Hy-TPR, SEM, TEM, TG and DTG. The catalytic activity

Fuel was evaluated in a two-step PCDR process using low-density polyethylene (LDPE), polystyrene (PS), polyethylene
terephthalate (PET), and simulated waste plastic (SWP). The structure of the polymer strongly determines the
yields of gas, liquid, and solid products. The highest yield of synthetic gas generation was observed for Ni-WC/
MgWO0,4/MgAl,0,4 and was 48.20 + 2.41 mmol/gp,. Different origins of the structural changes including oxidation
or coking were observed for different plastics. PCDR of PET led mainly to oxidation, LDPE to the coking
deposition. Catalysts after the process with PS were characterized by preservation of crystalline structure. The
results indicate a high potential of carbide catalysts in the recovery of gaseous and liquid raw materials.

1. Introduction minor damage, low quality, or legal standards. For example, disposable

gloves can only be used once for medical purposes. This problem was

The depletion of fossil fuels and the global energy crisis have forced
the search for new alternative energy sources and substrates for the
chemical industry. Plastic materials may be used once or multiple times,
depending on the purpose and quality of production. However, a sig-
nificant share of plastics made out of fossil fuels is disposed of in land-

particularly evident during the Covid-19 pandemic when the demand
for disposable packaging and personal protective equipment was
particularly high [1,2]. Therefore, the problem of plastic waste in the
environment is more visible than usual. Despite the threat to aquatic and
terrestrial organisms, the increasing abundance of plastics in the envi-

fills, especially when their recycling is difficult to process due to even ronment may retard efforts to fulfil sustainable development goals

Abbreviations: AMT, ammonium metatungstate; BET, Brunauer-Emmett-Teller; BJH, Barrett, Joyner, and Halenda; CHNS, elemental analysis of carbon,
hydrogen, nitrogen and sulphur; CNF, carbon nanofibers; CO»-TPD, carbon dioxide temperature programmed desorption; DR, dry reforming; DRM, dry methane
reforming; DTG, derivative thermogravimetry; EDS, Energy dispersive spectroscopy; FFT, The Fast Fourier Transform (FFT); Ho-TPR, temperature programmes
reduction; ICDD, database; IUPAC, International Union of Pure and Applied Chemistry; LDPE, low-density polyethylene; MFC, mass flow controller; PCDR, pyrolysis
combined with dry reforming; PET, polyethylene terephthalate; PI, pressure indicator; PS, polystyrene; PW, plastic waste; SAED, selected area electron diffraction;
Sger, specific surface area determined using Brunauer-Emmett-Teller model; SDGs, sustainable development goals; SEM, scanning electron microscopy; SWP,
simulated waste plastic; TEM, transmission electron microscopy; TG, thermogravimetric analysis; TI, temperature indicator; TMCs, transition metal carbides; XPS, X-
ray Photoelectron Spectroscopy; XRD, X — ray diffraction.
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(SDGs), especially those connected with climate action, life below water,
and land. The landfilling of plastics can also lead to their fragmentation
and atmospheric aging, and consequently to the environment in the
form of microplastics. As a result of atmospheric aging, structural
changes can also occur leading to leaching and release of hazardous
compounds into the environment [3,4].

Therefore, the search for new methods for plastic waste management
has been the subject of many extensive studies [3,5-9]. Municipal waste,
including plastic waste that cannot be recycled and reused to restore
plastic materials, may be used for energy purposes via incineration.
Another method for managing waste plastics is to use them in syngas
production. Synthetic gas is one of the most important primary sub-
strates in the chemical industry. Currently, synthetic gas is mainly
produced by steam reforming, gasification, or pyrolysis. The method
chosen for syngas generation is determined by the required
hydrogen-to-carbon monoxide ratio in the outlet stream. Polymeric
materials such as plastics may be an alternative feedstock for synthetic
gas production [10-13]. The pyrolysis of plastics both catalytic and
uncatalyzed leads to a high content of short-chain gas hydrocarbon and
liquid fractions. To enlarge and enrich the syngas in Hy and CO after
pyrolysis step a combining with the reforming units has been proposed
[14-19]. Depending on the intended use, the parameters of the outlet
stream, including the syngas composition, can be manipulated using
appropriate reforming agents: steam and/or carbon dioxide. For appli-
cations that require hydrogen-rich syngas steam reforming is used,
whereas dry reforming is applied to processes that require
carbon-monoxide-rich syngas [18,20-24]:

However, dry reforming methods, mainly dry methane reforming
(DRM), are still industrially immature owing to fast catalyst deactiva-
tion. The deactivation of catalysts proceeds through the coking, fouling,
poisoning, or sintering of metal active particles, leaching of particular
elements, or changes in acid-base properties [25-27]. Currently, the
most widely used catalysts are based on Ni or Co particles supported on
metal oxides. The use of nickel catalysts is economically justified
because of their relatively low price and high activity, which are com-
parable to those of noble metals. Therefore, worldwide research is
directed towards the modification of nickel catalysts to improve their
properties. The methods for improving catalytic activity and stability
include promoting with alkali, p-block and lanthanides elements such as
cerium [28], calcium, magnesium, lanthanum, potassium, gadolinium,
scandium, manganese and iron [21,24,29,30]. The modification with
promoters such as La or Ga may lead to increased basicity, enhanced
active metal-support interactions, generation of additional oxygen va-
cancies, stabilization of metal active phase suppressed carbon deposition
[30,31]. Reports in the field of pyrolysis combined with a reforming
process, both steam and dry, in the overwhelming majority regard Ni,
Co, or noble metal catalysts supported on metal oxides, zeolites, or
activated carbon [11,21,24,28,29,32-37]. Recently, increased attention
has been paid to carbon-based materials, mainly because of the possi-
bility of their synthesis using renewable or waste materials [38-41].

Among carbon materials, transition metal carbides (TMCs) have
attracted considerable interest because of their high thermal stability
and catalytic activity. During the dry reforming process, they exhibit
high activity and resistance to coking resulting from carburization-
oxidation cycles [33,42,43]. During the oxidation CO, is reduced to
CO, whereas during carburization, carbon atoms from methane cracking
and CO disproportionation are incorporated into the carbide structure.
This prevents the formation of carbon deposits on the catalyst surface.
However, it should be noted that carbides, such as WC, show stable
activity only at relatively high pressures. At atmospheric pressure,
deactivation of such catalysts occurs during the CO; oxidation process,
which is a significant limitation. To overcome the limitations associated
with coking and oxidation of nickel and carbide catalysts, respectively,
combining these two types of catalysts has been proposed [44]. The
presence of Ni or Co may promote the formation of crystalline carbide
structures [45-48]. Moreover, metal carbide particles during the DR of
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hydrocarbons promote the activation of carbon dioxide molecules by
facilitating the formation of oxygen vacancies and retarding coke
deposition. Zhang et al. [41] reported that coupling nickel particles with
a Co-WC/activated carbon catalyst enhanced the activity and stability in
the dry reforming of methane by promoting carbon penetration into the
tungsten lattice and changing the oxygen environment of the catalyst.
Transition metal carbides may exhibit high stability during biomass
reformation. Lalsare et al. [49] reported that Fe-Mo,C-CNF (CNF stands
for carbon nanofibers) is effective, stable catalyst for CH4-CO; assisted
biomass reforming. After 15 cycles, the catalytic activity and molybde-
num carbide structure were preserved. The Mo,C remained stable in
B-MooC form, whereas iron molecules underwent reaction with under-
coordinated carbon and from generated coke. However, there are also
reports in the literature on the negative effect of nickel on the catalytic
activity of carbides. Kim et al. [50] observed that the deposition of nickel
on tungsten carbide particles may promote the formation of surface
carbon and severe particle aggregation during the hydrocracking of
vacuum residue.

Among the methods for transition metal synthesis, three main
methods can be distinguished: high-temperature sintering of particular
elements (Mo, W, C, Ti, etc.) [51] or their oxides [52] under inert
conditions [53], carburization of metal oxides (WOs3, MoO3) under
reductive and carbon-rich atmospheres (methane/H; [54-56], etha-
ne/Hy [55,57,58]), and carburization of organic-inorganic precursors
(e.g., amine-MoOx [59,60], WOx combined with amine [46], corn
starch [61], chitin [62], activated carbon or carbon black [63]). The use
of the method of producing an organic-inorganic precursor allows for
the synthesis of carbide materials under much safer conditions than
synthesis in a stream of hydrogen and hydrocarbons. Moreover, the use
of renewable (biomass, saccharides) or waste materials as carbon for
metal carbide preparation has been gaining increasing attention.
Adapting synthesis’ methods that allow the use of sustainable substrates
may contribute to the development of green catalysts. Recently, Mir
et al. [64] reported a novel method for molybdenum carbide Mo,C
synthesis using used pipette tip made as a carbon source. In our previous
report, we showed high activity of Ni-WC catalysts obtained using mono
and disaccharides as a carbon source [48].

Transition metal carbides have been extensively examined for dry
reforming of methane. Literature on the investigation of catalytic ac-
tivity in the dry reforming of other hydrocarbons then CHj is scarce. To
our best knowledge, there are no reports on the application of Ni-WC
supported on metal oxides in pyrolysis combined with dry reforming
(PCDR). The aim of this study was to investigate the catalytic stability,
activity, and selectivity of nickel-tungsten carbide catalysts supported
on metal oxides during the pyrolysis of plastics (PS, PET, LDPE, or
simulated waste) combined with the dry reforming process. The effects
of the support and plastic type on the activity and stability were inves-
tigated. This study contributes to the development of carbide catalytic
materials and their application in the recovery of energy and chemical
raw materials using a system of coupled pyrolysis and reforming.

2. Materials and methods
2.1. Materials

Nickel nitrate, 6-hydrate (Pol-Aura, >99,5 %), and ammonium
metatungstate (AMT, Sigma Aldrich, >99,99 %) were used as the nickel
and tungsten precursors, respectively. Anhydrous glucose (Pol-Aura,
>99,5 %) was used as the carbon source for the WC preparation. Mag-
nesium nitrate and/or aluminum nitrate were purchased from Pol-Aura
(>99,5 %) and used as precursors for the preparation of MgAl;04 spinel
and Al,03. Ammonia water (25 %) purchased from POCH (Avantor) was
used as the precipitating agent for alumina and magnesia-alumina spinel
preparation.

Gas reactants, including carbon dioxide, argon, and 2 % O- in a He
mixture, were purchased from Linde, Poland. LDPE (low-density
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polyethylene), polystyrene (PS), and polyethylene terephthalate (PET)
samples were purchased from Sigma Aldrich. Plastic samples were
purchased in the pellet form.

2.2. Synthesis of the catalysts

The synthesis of Ni-WC/Al,O3 and Ni-WC/MgWO04/MgAl;O4
involved four steps.

. preparation of Al;O3 or spinel MgAl;04,

. hydrothermal preparation of an organic-inorganic precursor,
. carbothermal reduction,

. passivation.

O oo

Spinel MgAl,04 was prepared according to a procedure described
previously in [65] via chemical precipitation in an alkaline solution. For
the synthesis, Mg(NOs)2 and Al(NOs)s were dissolved in deionized
water at a Mg:Al molar ratio of 0.5. Then, the pH of the solution was
adjusted to 10 with aqueous ammonia under vigorous stirring. The
resulting suspension was aged for 24 h at 50 °C. Subsequently, the solid
was separated, washed with deionized water, and dried at 100 °C to
obtain a dry mass. The final step was calcination in air at 980 °C for 6 h.
Al,03 was obtained using the same route, but without magnesium
nitrate.

To prepare the Ni-WC/MgWO,4/MgAl,04 or Ni-WC/Al;03 organic-
inorganic precursors, appropriate amounts of AMT, nickel(II) nitrate,
and glucose were dissolved in 120 cm® of deionized water and mixed for
0.5 h in a glass beaker to form a transparent solution. The solution was
then transferred into a Teflon vessel, followed by the addition of the
support (MgAl;04 or Al;03) and mixing for the next 0.5 h. Subsequently,
a hydrothermal treatment at 180 °C for 24 h was conducted. Subse-
quently, the formed precursor was separated and dried under vacuum at
80 °C for 10 h. The next step involves carbothermal reduction. The dry
precursor was placed in a tubular reactor made of stainless steel and de-
aerated under Ar flow for 2 h at room temperature. Subsequently, the
inlet and outlet valves were closed, and heating was initiated. The
temperature was increased to 980 °C at a rate of 10 °C-min~1). The
annealing was performed at 980 °C for 6 h. The next step involved
cooling to 40 °C at a rate of 10 °C-min~!. The final step included
passivation with 2 % O, in He gas mixture at 40 °C for 2 h.

2.3. Characterization of the catalyst

The catalysts were characterized before and after dry reforming. The
phase composition was investigated using powder X-ray diffraction
(XRD). A MiniFlex 600 diffractometer (Rigaku, Japan) equipped with
Cu-Ka radiation was used for the measurements. XRD analysis was
performed at room temperature with a scan rate of 0.01°in the 26 range
of 5-120°. The Scherrer constant was 0.891. For the analysis PDXL2
software was used. The obtained diffractograms were optimized using a
pseudo-Voight function. The ICDD database was used for phase identi-
fication of the prepared catalysts.

Specific surface area (Sggr) and pore size distributions were inves-
tigated using Ny sorption- desorption analysis at —196 °C. Nitrogen
adsorption - desorption curves were obtained in the partial pressure p/
po range from 0.05 to 0.99. Calculations for specific surface area were
based on Brunauer’s, Emmet’s and Teller’s (BET) model in the approx-
imate relative pressure (p/po) range from 0.05 to 0.3. Calculations for
pore size distribution were performed using Barrett-Joyner—Halenda
(BJH) model. Pore size distributions were derived based on the
desorption isotherm branches. The total pore volumes were evaluated
from the adsorbed amount of nitrogen at p/po = 0.99 (the last adsorp-
tion point). Experiments were carried out using a NOVAtouch NT-LX-1
Autosorb iQ (Quantachrome Instruments). Prior to the measurements,
the samples were dried and degassed for 5 h at 300 °C.

The morphology of the prepared catalysts was determined using
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scanning (SEM) and transmission (TEM) electron microscopy. For the
SEM analyses, a FEi Quanta FEG 250 equipped with an EDS detector was
used. Before analysis, the sample in the form of powder was placed on a
stand covered with carbon tape. then, the samples were placed in the
measurement chamber and evacuated to a high vacuum. For TEM
measurements, Fei Tecnai G2 X-Twin and HR-TEM Fei Titan micro-
scopes equipped with LaB6 and X-FEG guns were used. The sample
preparation for TEM imaging included dispersing of the powder in ab-
solute ethanol, applying the suspension to a carbon tape and evapo-
rating the solvent.

Temperature-programmed carbon dioxide desorption (CO2-TPD)
and temperature-programmed reduction (Hy-TPR) were performed
using an in-situ catalyst characterization system (ICCS) equipped with a
thermal conductivity detector (PID Micromeritics). The analysis con-
sisted of four steps. Firstly, around 0.1 g the catalyst sample was pre-
treated at 300 °C under a helium stream. Next, the catalyst surfaces
were saturated with CO5 at 35 °C for 1 h under 20 % vol. CO, in a He
stream (100 cm®-min™!). The third step involved the removal of physi-
cally adsorbed CO, under He flow (100 cm®-min~1) at 35 °C for 1 h. The
final step involved monitoring the desorbed carbon dioxide in the
temperature range of 35-850 °C under a He stream (100 cm®-min™1).

Temperature-programmed reduction (Hp-TPR) was investigated in
the temperature range of 50-800 °C (heating rate 10 °C/min) under 10
% vol. Hy in Ar flow (100 cm®min™!). Before the reduction step, the
catalyst sample (0.1 g) was pre-treated at 300 °C for 1 h under an argon
flow (100 cm3~min’1). The experiments were carried out using were
performed using an in-situ catalyst characterization system (ICCS)
equipped with a thermal conductivity detector (PID Micromeritics).

X-ray Photoelectron Spectroscopy (XPS) experiments were carried
out using a Specs UHV spectrometer (SPECS, Germany) equipped with a
charge neutralizer. The binding energies were calibrated using the C1 s
peak at 284.8 eV as a reference. The collected data was analysed using
CasaXPS software.

2.4. Catalytic activity in dry reforming of waste plastics

Pyrolysis combined with dry reforming of plastics (LDPE, PS, PET,
and SWP) was performed in a two-stage reactor system (Fig. 1). The first
stage consisted of a pyrolysis reactor (A) filled with 2 g of plastic sample.
The plastic sample was places between two quartz wool layers. The
second stage reactor (B) consisted of a reforming reactor filled with a
catalyst bed (1 g) placed between quartz wool. The reactors were heated
in two separate tube furnaces. The temperatures of the plastic and
catalyst bed were controlled wusing a K-type thermocouple
(06251189-41, B + B Thermo-Technik GmbH, Donaueschingen, Ger-
many). Before the PCDR process, the reforming reactor was heated to
800 °C under constant argon flow. After reaching 800 °C on the catalyst
bed, heating of the first-stage pyrolysis reactor was started. The pyrol-
ysis reactor was then heated to 500 °C. After reaching 500 °C in the
pyrolysis reactor, the temperature was maintained constant for 30 min.
At the start of heating the first part of the system, carbon dioxide was fed
into the system. The organic volatiles formed at pyrolysis step were
directly transferred to the reforming reactor. The total amount of
introduced carbon dioxide during the process was 8 g. The heating rate
at both stages was 10 °C/min. After the reforming step, the products of
the PCDR process were passed through a three-stage condenser system
chilled room-temperature air (1), dry ice (2), and a mixture of water ice
and dry ice (3) to trap any liquid products. The gas products were
collected in a 25 L Tedlar bag and analyzed using a Clarus 590 gas
chromatograph (PerkinElmer Inc., Waltham, MA, USA) equipped with
Porapaq Q and Molecular Sieve 5 A columns and a TCD/FID detector.
The efficiency of the PCDR process was measured as the yield of syngas
generation (Hy, CO, and CHy). Results labelled as No catalyst’’ refer to
experiments carried out without catalyst bed in the reforming unit (B).
Instead of the catalytic bed, quartz wool was used, the same between
which the catalyst was placed in the catalytic process.
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Fig. 1. Experimental system for two-stage PCDR (MFC- mass flow controller, TI- temperature indicator, PI- pressure indicator, A- pyrolysis reactor, B- reform-

The contents of the liquid fraction and solid residue were determined
based on the difference in masses before and after PCDR of the
condensation vessels and pyrolysis reactor, respectively. The amounts of
solid and liquid fractions as well as Hy,CO or CH4 contents were
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Fig. 2. a) Nitrogen sorption isotherms for Ni-WC/MgWO,/MgAl,04, b) BJH pore size distribution for Ni-WC/MgWO0,4/MgAl,04, c) Nitrogen sorption isotherms for
Ni-WC/Al,03 and d) BJH pore size distribution for Ni-WC/Al,Os.
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For solid and liquid fractions:

solid/liquid | g
of plastic g

total mas of

mass
The H,/CO ratio was calculated based on the formula:
n = Hoou/COout

Where:
Hjye — corresponds to the amount of hydrogen in outlet stream,
COyyt - corresponds to the amount of hydrogen in outlet stream.

3. Results and discussion
3.1. Characterization of catalysts before catalytic process

In Fig. 2a-d are presented a nitrogen adsorption-desorption iso-
therms and BJH pore size distributions for Ni-WC/MgWO04/MgAl>04
and Ni-WC/Al,03 catalysts. The shape of the isotherm were classified as
type IV according to the IUPAC classification [66]. The pore size for both
catalysts were in the range 1-100 nm indicating the presence of meso
and micropores. In the case of Ni-WC/MgWO04/MgAl;0,4 the majority of
pore size was in the range of 2-30 nm. The maximum of pore size dis-
tribution plot was centered at 9.6 nm. For the Ni-WC/Al,O3 catalyst, the
pore size distribution shifted slightly towards higher values. The
maximum of the curve is observed at 12.4nm. The
Brunauer-Emmett-Teller (BET) surface areas of the Ni-WC/MgWO4/M-
gAl,04 and Ni-WC/AlyO3 catalysts were 83.95 + 0.42 rnz-g_1 and
113.70 =+ 5.65 m%-g !, respectively. The total pore volumes differed for
particulate  catalysts. For  Ni-WC/MgWO4/MgAl,04  equaled
0.238 cm®/g and for Ni-WC/Al,03 was 0.433 cm®/g.

The XRD patterns of the fresh and spent catalysts are shown in
Fig. 3a) — b). The diffractograms of the catalyst before the PCDR process
are shown in the first row. The reference patterns of particular com-
pounds are included in Fig. S1 in the Supplementary Data. Both catalysts
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were characterized by a polycrystalline structure. The reflections
attributed to WC were found at 20 = 31.52°, 35.66°, 48.29°, 64.12°,
65.49°,73.26°,75.46 and 77.13° correspond to (00 1), (1 00),(101),(1
10),002),(111),(200), (1 02)and (20 1) crystal planes,
respectively (DB card no 1501588). The XRD peaks attributed to the
nickel particles were observed at 20 = 43.98° and 51.17° and were
attributed to Ni (1 1 1) and Ni(2 0 0), respectively (DB card no 2102245,
[67,68]). For the catalyst supported on Al,O3, peaks of weak intensity
for y-alumina were observed at 20 = 39.5°, 46.1°, 66.9°, and 84.9°(DB
card number 1010461). The Ni-WC/MgWO0O4/MgAl;0O4 catalyst peaks
assigned to the MgAl,04 support were identified at 20 = 19.29°, 31.57°,
37.11°,43.24°,59.76°, 65.5°, 68.67°, and 77.5° (DB card no. 1010129).
Reflections attributed to tungsten carbide peaks were observed at 20
= 31.52°, 35.66°, 48.29°, 64.12°, 65.49°, 73.26°, 75.46°, and 77.13°,
which were attributed to (001),(100),(101),(110),(002),(111),
(200),(102),and (20 1), respectively (DB card no 1501588). For the
Ni-WC/MgWO0,4/MgAl,04 catalyst, except the XRD peaks attributed to
Ni, WC, and MgAl,04 phases, additional reflections assigned to the
MgWO, phase at 20 = 18.87°, 23.85°, 24.5°, 30.43°, 30.73°,36.44°,
41.62°, and 61.73° correspond to the (100),(011),(110),(11-1),(0
02),(12-1),and (11 3) crystal planes, respectively were observed (DB
card no. 1010642, [69]). The magnesium tungstate phase was a result of
solid state reaction between MgO and WO3 formed in the intermediate
precursors according to the equation [69]:

MgO(s) + WO3(s) > MgWO4(s) (€8]

The formation of alkali tungstate was reported by Li et al. [47,70].
They prepared cobalt-based catalysts with WC-activated carbon support.
They noted a formation of low content of CaWO,4 phase due to reaction
of WC and calcium oxide CaO present in the activated carbon material.

The average crystalline sizes towards Ni (111) and WC (100) di-
rections were determined based on the Scherrer formula. The crystalline
size of nickel significantly differed for particular catalysts. The WC
crystalline sizes were similar. For Ni-WC/MgWO,4/MgAl,04 catalyst

b) —— Ni-WC/AL,O,

——LDPE

——PS

W«M-»A

— SWP

10 20 30 40 50 60 70 80 90 100
20 [°]

WC -MgALO, sMgWO, = W.0, «AL,O, “Ni =C

Fig. 3. XRD pattern of fresh and spent a) Ni-WC/MgAl,0,/MgAl,0, and b) Ni-WC/Al,O3 catalysts.
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average crystalline sizes for Ni and WC equalled 16.0 nm and 25.6 nm,
respectively. In the case of Ni-WC/Al;03 catalyst crystalline size for Ni
was equal to 26.5 nm and for WC 29.0 nm.

The morphology of the catalysts was determined using scanning and
transmission electron microscopy. In Fig. 4 are presented SEM images
(Fig. 4b)- e)) and results of SEM-EDX analysis for the Ni-WC/MgWO4/
MgAl,04 catalyst elemental composition (Fig. 4a)). The nickel content
determined by EDX equaled 6 wt %, while the content of W, Al, Mg, O
and C were determined as ~29 wt %, ~21 wt %, ~7 wt %, ~23 wt %
and 14 wt %, respectively. The morphology observed for this catalyst
was characterized by an even distribution of structures with higher
contrast (brighter points visible in the images) in a continuous phase
with lower contrast. The obtained structures with higher contrast were
tungsten carbide and nickel particles deposited on and surrounded by an
amorphous carbon matrix. The formation of core-shell structures
composed of metal carbide and amorphous carbon as the core and shell,
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respectively, has been reported in the literature. Under hydrothermal
treatment, glucose undergoes chemical transformations, leading to hy-
drothermal carbonization through dehydration and polycondensation-
polymerization. Falco et al. [2] investigated the mechanism of hydro-
thermal carbons using i.a. glucose. They stated that the first step
included the dehydration of glucose molecules, leading to the formation
of mainly 5-hydroxymethylfurfular (HMF), leviunic acid, dihydroxyac-
etone, and formic acid. It then proceeds through polymerization re-
actions, resulting in the formation of polyfuranic type compound. When
higher temperatures (above 180 °C)are applied, the polyfuanic chains
undergo intermolecular condensation, dehydration, and decarboxyl-
ation, leading to aromatization. The degrees of dehydration and decar-
boxylation depend on the synthesis conditions. According to Titirici
et al. [3],the formed precursor takes the shape of spheres terminated
with hydrophilic-OH and-COOH groups. The metal ions present in the
reaction medium interact with hydrophilic groups and are deposited on

Al
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147K OK 23.15 36.63
126K MgK 744 7.75
105K o w AIK 20.37 19.11
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Fig. 4. a) EDS analysis, b)- ) SEM images of Ni-WC/MgWO,/MgAl,0, catalyst.
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the surface of the carbon spheres. In the presence of metal ions including
tungsten high-temperature annealing in an inert atmosphere results in
the formation of metal carbide particles embedded in a carbon matrix
[71-74]. The amorphous character of carbon is in agreement with XRD
results (see Fig. 3). Quantitative analysis of elemental composition was
also performed for Ni-WC/Al,03. The content of Ni, W, C, O and Al
equaled ~7 wt %, ~27 wt %, ~18 wt %, ~25 wt % and ~23 wt %,
respectively.

To further investigate the morphology and distribution of particular
catalyst components, STEM/TEM analyses were performed (Fig. 5 and
Fig. 6). For Ni-WC/MgWO04/MgAl,;0,4 catalyst despite all phases iden-
tified using XRD method including Ni, WC, MgAl,04 and MgWO,4 were
observed. The nickel particles based on SAED/FFT (selected area elec-
tron diffraction/ fast Fourier transform) analysis were identified as
spherical particles up to 100 nm in size. The map for nickel particles did
not completely coincide with the map for tungsten. The map obtained
for nickel shows partial deposition on tungsten carbide and partly on the
MgAl;O4 spinel. The distribution map for carbon did not overlap
completely with the position of the tungsten signals. The images show
areas where unbound carbon is visible (Fig. 5a) - b)).

In the case of Ni-WC/AlyO3, particles consisting of tungsten and
nickel were deposited on the Al,O3 surface (Fig. 5a) and b)). The dis-
tribution of carbon corresponded to the distribution of tungsten element
indicating the formation of WC particles. The FFT analysis was per-
formed to confirm formation of WC. The determined interplanar spac-
ings equalled 0.25 nm and 0.28 nm and were attributed to WC (100) and
(001) crystal planes, respectively.

Temperature programmed carbon dioxide profiles (CO2-TPD) are
presented in Fig. 7. The profile lines were similar for both the catalysts.
Four desorption peaks can be distinguished, indicating four types of
active sites. The first one (I), which is the most prominent, is charac-
terized by a maximum at approximately 150 °C, indicating weak basic
sites. The subsequent desorption peaks were different for the catalysts.
In the case of desorption peak II, the temperatures were 420 °C and
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370 °C for Ni-WC/MgWO0,4/MgAl,04 and Ni-WC/Al;Os, respectively.
The III CO, desertion peak for Ni-WC/MgWO4/MgAl;04 was observed at
420 °C, while of Ni-WC/Al,O3 was slightly shifted to lower temperature
(410 °C). The IV desertion peak. The last IV desorption peak was
observed at 800 °C for both the catalysts. The catalysts differ in terms of
desorbed carbon dioxide. The amounts of CO, were estimated from
integration of CO,-TPD peaks. For Ni-WC/Al;03 and Ni-WC/MgWO4/
MgAl,0O4 catalysts 0.197 mmol/gx and 0.231 mmol/gx of desorbed
carbon dioxide were observed.

Fig. 8 represents temperature programmed reduction (Hp-TPR)
profiles. The profiles were similar for both catalysts indicating the
presence of comparable species. The graphs show one high-intensity
peak at approximately 680 °C and 650 °C for the Ni-WC/MgWO4/
MgAl,04 and Ni-WC/Al;O3 catalysts, respectively. The profiles also
showed three reduction peaks in the temperature range below 500 °C.
The reduction peaks can be attributed to the reduction of NiO and
tungsten oxide phases formed during passivation step [75]. The catalyst
supports including Al;03, MgWO4, and MgAl;04 are not reducible under
these conditions.

3.2. Characterization of spent catalysts

The XRD patterns of the spent catalysts are presented in Fig. 3a) and
b). The reference patterns of MgWO,4, W30g, WC, Ni, C, Al;03, and
MgAl,O4 are shown in Figure. S1 (see Supplementary Data). In the case
of the Ni-WC/MgWO,4/MgAl,04 catalyst after the polystyrene PCDR
process, the XRD pattern is similar to those of the fresh catalyst. In the
diffractogram, only Ni, WC, MgWO,, and MgAl,O4 phases were identi-
fied. However, the patterns of spent catalyst after the PCDR process of
PET, SWP, and LDPE significantly differed from the pattern for the fresh
catalyst. The XRD reflections attributed to MgWO4 become more intense
and visible at 20 = 15.8°, 19.05°, and 24. 02°, 24.75°, 30.63°, 36.63°,
41.68° and 61.73°. Moreover, new reflections attributed to the W3Og
(DB card numbers 2101049 and 2101050) phases were identified at 20

Fig. 5. a) TEM images and b) HAADF and EDS mapping of Ni-WC/MgWO,/MgAl,0, catalyst.
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=13.70°, 27.65°, 28.99°, and 32.64°. The enhancement of the visibility
and intensity of the XRD peaks assigned to MgWO,4 and W3Og corre-
sponds to the weakening of the WC signal, indicating oxidation of the
carbide phase. The reflection at 20 = 19.05° can be classified as both
MgWO,4 and W30g phases owing to the overlapping of the signals. Weak
and broad peaks in the 20 range above 35° were identified, and over-
lapped signals for MgWO4 and W3Og were observed. The formation of
the oxidized forms of tungstate, that is, MgWO,4 and W3Og, as well as the
disappearance of the WC phase, correlated with the properties of the
plastic used as feedstock. In the case of polystyrene, the structure of the
catalyst was preserved. The oxygen content based on CHNS analysis
reported in [48] was the lowest for PS (2.434 + 0.122 wt %). The
highest oxygen content was observed for PET plastic, which was a result
of the presence of oxygen atoms in the main chain. For the spent cata-
lysts after the PCDR process using this plastic, the oxidation of WC was
the most prominent. In the case of LDPE the oxygen content was
approximately 6 wt %. Low-density polyethylene is known for its
branched structure, and thus, a higher content of unpolymerized

terminal groups that can be oxidized. The spent catalyst after PCDR of
LDPE also underwent oxidation, but to a lesser extent than in the case of
PET. After the PCRD process of the simulated waste, the XRD pattern of
the Ni-WC/MgWO,4/MgAl,04 partial phase transformation to MgWO4
was observed. In the case of the Ni-WC/Al,Oscatalyst, the oxidation of
WC to W30g was observed. However, in contrast to the Ni-WC/Mg-
WO4/MgAl,04 catalyst, reflections attributed to graphitic carbon were
observed for the Ni-WC/Al,O3 catalyst after the PCDR of each type of
plastic. The most prominent peak was observed for poly(ethylene
terephthalate).

To investigate the surface composition of the catalysts and changes
after the PCDR processes, XPS analysis was performed. The analysis was
performed on fresh and spent catalysts after dry reforming of LDPE.
Fig. 9 shows the XPS spectrum of the tungsten 4f region. In the case of
the fresh Ni-WC/Aly,Oscatalyst, three peaks were observed after the
deconvolution of the W 4f region. The first and second peak at 38.6 eV
and 36.4 eV are forming the doublet indicating the presence of W&
species attributed to tungsten trioxide. The third peak, with a maximum
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—  [NIF'WC/MgWO,_/MgALO, fresh
= ~
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Fig. 9. XPS spectra of W 4f region for fresh and spent catalysts.
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at 32.1 eV is assigned to W-C bonding. For the Ni-WC/MgWO,4/MgAl,04
catalyst, only a doublet corresponding to WOs3 was observed. The
presence of tungsten oxides on the surface results from the passivation
step used during the synthesis of the catalyst. The absence of a signal
attributed to the tungsten carbide phase results from surface coverage
with unbonded carbon, which is in agreement with the TEM analysis.
Comparing the XPS spectra of the tungsten 4f region of the catalysts after
the catalytic process, similar profiles, consisting of two doublets, were
observed. The first corresponds to wo+ (WO3) and the second corre-
sponds to WC. The coexistence of both phases indicates the occurrence
of oxidation and carburization cycle characteristics of the metal carbides
[76,77].

The plots representing the carbon 1 s region are presented in Fig. 10.
For Ni-WC/Al,03, a broad peak from 289 eV to 280 eV, attributed to C-C
bonding, was observed. For Ni-WC/Al,O3, the peak was extensive,
covering regions associated with sp?, sp®, WC, and oxidized forms of
carbon. For the Ni-WC/MgWO,4/MgAl,O4 sample, the main peak is
narrower, indicating the presence of sp3 hybridized carbon. In the case
of spent catalysts the C 1s plots are very similar. The signal was
deconvoluted into three peaks centered at 289.0 eV, 284.9 eV and
284.3 eV. The peaks were assigned to carboxyl and carbonyl O= C-OH,
C=0, C=C (sp?), and C-C (sp°), respectively. They are distinguished
from catalysts before the catalytic process by the presence of a peak at
284.3 eV, which is attributed to sp2 hybridized graphitic carbon (C=C).
Therefore, these results indicate the formation of graphitic carbon de-
posits on the catalyst surface. No peak assigned to carbide was observed
due to attenuation of the signal by the graphitic overlayers [50,76,78].

Fig. S2 represents the XPS O 1 s spectra. For catalyst before PCDR
process single broad peak attributed to oxygen bonded with is observed.
For spent catalysts second peak at higher binding energies (533.1 eV and
533.5 eV) was observed. The second peak results from oxygen species
bonded with organic carbon. XPS spectra for the rest elements: Al 2p, Ni
22 g and Mg 2 g are presented in Supplementary data (Figs. S3-5). The
spectra before and after catalytic process and similar. Binding energies
for particular elements correspond to Al-O, Mg-O and Ni-O bonds.

Fig. 11 shows the TG and DTG profiles of the catalysts before the
catalytic reaction and after the PCDR of the individual plastics and their
mixtures. For catalysts before the catalytic process, weight loss is visible
as a result of the oxidation of amorphous carbon present after synthesis.
For the Ni-WC/MgWO,/MgAl,04 catalyst, the observed weight loss was
7.5 %. The mass loss DTG peak is in the range of 380-550 °C with a peak
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maximum of approximately 490 °C. The temperature range of the loss
indicated the oxidation of amorphous carbon and WC in the catalyst
sample. In the case of the Ni-WC/Al;O3 catalyst, the weight loss was
higher, amounting to approximately 17 % by weight. The maximum of
the peak shifted slightly towards higher temperatures, with a maximum
of 530 °C. For both catalyst samples before the catalytic process, an
increase in mass after the oxidation of carbon, tungsten carbide to
tungsten oxide and nickel to nickel oxide was visible at approximately
590 and 610°C for Ni-WC/MgWO4/MgAl,04 and Ni-WC/AlyOs,
respectively. For the TG/DTG profiles of the samples after the PCDR
processes, there is a visible difference in the mass loss and position of the
DTG peak. Among the samples after the catalytic process, the maximum
DTG peak occurring at the lowest temperature was observed for the
samples after polystyrene reforming. For both catalysts, the maximum
was observed at approximately 550 °C. Carbon oxidation in this tem-
perature range indicated the presence of amorphous filamentary carbon
[41]. The highest values of mass loss and the location of the DTG peak
maximum were observed for the catalysts after the dry reforming of
low-density polyethylene. For the catalysts after PCDR LDPE, two peaks
are visible. The first is around 600 °C and the second is at approximately
650 and 700°C for Ni-WC/MgWO4/MgAl,O4 and Ni-WC/AlyOs,
respectively. The obtained results indicate the formation of carbon de-
posits corresponding to carbon with a more ordered structure - graphite
carbon [19,41,79]. The lowest mass losses for both catalysts were
observed after the dry reforming of the PET plastic. This is because
plastics are characterized by the highest proportion of solid residue in
the pyrolysis reactor. In addition, this is due to the fact that the structure
of the PET polymer has the highest content of oxygen in the form of
carboxyl groups, which is conducive to the additional generation of
various forms of oxygen, and thus the oxidation of the carbide fraction.
Therefore, as a result of oxidation during the catalytic process, the mass
loss visible in the TG profile was the smallest. The obtained results are in
agreement with the XRD results. For samples after the PCDR PET pro-
cess, the largest tungsten oxide fraction was observed in the XRD spec-
trum. All assays also showed a low-intensity peak in the temperature
range of 25-150 °C associated with moisture loss. The type of plastic
and, therefore, the characteristics of the pyrolysis volatiles affected the
type of deposited carbon. For the PCDR process carried out for the LDPE
feedstock, which decomposes into aliphatic saturated and olefinic
chains, a higher proportion of graphitic carbon was observed in the DTG
profiles. In the case of the spent catalysts after the PET and PS processes,
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Fig. 10. C 1s XPS spectra for fresh and spent catalysts.
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Fig. 11. TG profiles of fresh and spent a) Ni-WC/MgWO,/MgAl,04 and b) Ni-WC/Al,03, DTG profiles of ¢) Ni-WC/MgWO0,4/MgAl,04 and d) Ni-WC/Al,O3 catalyst.

the DTG peaks shifted towards the temperatures assigned to filamentous
and encapsulating carbon. It should also be mentioned that the types and
impurities present in the feedstocks result in different catalyst deacti-
vation. In real-life feedstocks used in pyrolysis additional impurities
including sulphur, ammonia or chloride compounds affect the way of
catalyst structural changes through sintering and blocking of metal
active sites by deposition of fine particles or chemical bonding [80,81].

3.3. Catalytic activity

The plastic samples used in the experiment are characterized in [48].
Data for the TG/DTG profiles are available in [82]. All examined plastic
samples under inert conditions are decomposed up to 460°C. For poly-
styrene and low-density polyethylene underwent almost complete
removal and volatilization. In the case of PET material solid residue at
level of 52.55 wt %. was observed. The main DTG peaks were similar for
the examined plastic samples and equalled 448°C, 403°C and 414°C for
LDPE, PD and PET, respectively. Plastic samples are built from hydrogen
and carbon; however, oxygen was also detected. The origin of oxygen
results from the slight atmospheric oxidation of unpolymerized terminal
groups and the presence of hydroxyl groups resulting from moisture. The
presence of oxygen in plastic samples has also been reported previously
[22]. Plastics differ in their chemical structure:

e LDPE - constructed with branched alkane chains. Owing to the
branched structure of LDPE and the possible high level of unpoly-
merized groups, relatively high levels of oxygen may be present in

11

the polymer structure. The oxygen content determined by the CHNS

analysis was 6.552 + 0.328 wt % [48]. During pyrolysis process

LDPE is decomposed to short-chain hydrocarbons, mainly alkenes

(831,

PS - composed of ethyl chains with phenyl substituent. During the

pyrolysis the generated hydrocarbons are composed mainly to aro-

matic compound such as styrene, toluene and its dimers [7]. In our
study the content of oxygen in the PS sample was the lowest and

equaled 2.434 + 0.122 wt %. [48].

e PET - The PET structure includes alternating ethyl and terephthalic
chains. The oxygen content was the highest among the examined
samples, reaching 27.977 + 1.399 wt %. During the pyrolysis of PET
significant solid fraction is produced as well as carbon oxides due to
the decarboxylation of terephthalic units [48,84,85].

In Figs. 12 and 13 are presented results of the PCDR processes in the
presence and absence of the catalyst in the reforming unit The product
distribution was differentiated depending on the type of plastic and the
catalyst used. The efficiency of gaseous product generation was
inversely proportional to the production of the liquid and solid fractions.
The highest amounts of liquid and solid fractions were observed in ex-
periments processed with polystyrene and polyethylene terephthalate,
respectively. In the case of PET, nearly 50 % of the starting plastic
sample was converted to char and residue in the first reactor. For SWP,
the proportion of solid residue corresponded to the amount of PET in the
starting plastic mixture. For the low-density polyethylene and poly-
styrene plastics, virtually no solid residue was observed. The obtained
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Fig. 13. Distribution of gas for PCDR of a) low-density polyethylene, b) polystyrene, c) polyethylene terephthalate and d) simulated waste.

results for the solid residue are in agreement with the TG profiles for the
plastic samples. The highest yields of liquid fraction ranging from
0.49 g/gp to 0.46 g/gp were observed for process carried out with
polystyrene. Similar results were obtained by Saad and Williams [22].
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They investigated the effects of different plastic types (LDPE, HDPE, PP,
PS, and PET) on product distribution in a two-stage PCDR system. They
also observed the highest level of solid residue for the PET plastic and
the highest content of gas products for the LDPE sample. Alvarez et al.
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[86] investigated the effect of plastic type on hydrogen production
during pyrolysis combined with steam reforming. They found that
olefinic products formed during the pyrolysis of materials such as
polypropylene and polyethylene were easily decomposed at 800 °C,
forming more hydrocarbon light species, resulting in a higher gas frac-
tion content. On the contrary, during the pyrolysis of polystyrene aro-
matic compounds such as styrene, toluene, and its dimers formation has
been reported [87]. Gaseous pyrolytic products composed of olefinic
compounds have been reported to be more susceptible to decomposition
than aromatic compounds because of their lower C-C bond energy [15,
83,85]. Among other polymers, the PET sample is distinguished by the
presence of heteroatom oxygen in the main chain, resulting from the
presence of COO- groups. During the pyrolysis and reforming steps, they
undergo decarboxylation, which leads to higher CO and CO5 contents in
the outlet streams. Moreover, CO may be formed by the reaction be-
tween CO3 and char [24]. The highest amounts of generated gas were
observed for the processes carried out with low-density polyethylene
and simulated waste. The high level of gas products in the outlet stream
observed for simulated waste resulted from a dominant share of plastics
with aliphatic unsaturated chains (PP, HDPE, and LDPE). Among the gas
products, saturated and unsaturated hydrocarbons, as well as syngas
components, including Hy and CO, are released. Table 1 and Fig. 10
summarize the results of the quantitative analysis of methane, hydrogen,
and carbon monoxide generation. In all processes, the syngas generation
yields were higher for processes carried out in the presence of catalysts
than for uncatalyzed processes.

The highest efficiency in synthetic gas generation was observed in
the case of PCDR of low-density polyethylene carried out with the Ni-
WC/MgWO0,4/MgAl;04 catalyst. The sum of generated hydrogen and
carbon monoxide was equal to 48.20 + 2.41 mmol per 1 g of plastic.
The amounts of syngas components were 18.05 + 0.39 mmol/g, and
30.19 = 1.51 mmol/g;, for Hy and CO, respectively. The syngas (Ha +
CO) yield for process without any catalyst was nearly five times lower
(10.00 £ 0.51 mmol/gp). For Ni-WC/Al;O3 catalyst the amount of
generated hydrogen was similar to Ni-WC/MgWO,/MgAl,04 catalyst
and equalled 18.01 + 0.91 mmol/g,. For PCDR of polystyrene gener-
ated hydrogen equalled 8.93 + 0.45 mmol/g, and 7.56 + 0.38 mmol/
gp for Ni-WC/MgW0,4/MgAl>04 and Ni-WC/Al,O3, respectively. During
PCDR of simulated waste the Hy generation yields was 12.57
+ 0.61 mmol/g, and 12.00 + 0.58 mmol/gp for Ni-WC/MgWO,/
MgAl,04 and Ni-WC/Al;Os, respectively. The differences in activity
between the catalysts are the most prominent in terms of carbon mon-
oxide generation. Exemplary, for Ni-WC/MgWO4/MgAl,;04 catalyst the
COyield in PCDR of LDPE was 30.19 + 1.51 mmol/g,, while for Ni-WC/
Al>O3 equalled 25.44 + 1.27 mmol/gp. A greater variation in carbon
monoxide generation for both catalysts was observed at the PCDR of
polystyrene, while the hydrogen production efficiency was similar. The
yield of CO generation for Ni-WC/MgW0,4/MgAl,04 reached the 27.6
+ 1.38 mmol/g, and for Ni-WC/Al;03 16.82 £ 0.84 mmol/g),. The dif-
ferences in carbon monoxide generation for catalysts mainly were the
main factor affecting the Hy/CO ratio in the outlet stream. The methane
contents in outlet streams also differed for particular plastics. It was
observed that methane generation yields were similar for catalysed and
uncatalyzed processes. The highest amounts were observed in the case
od PCDR of low-density polyethylene.

The differences in the total amount of syngas obtained are the result
of two factors: the type of feed fed into the reforming stage and the
properties of the catalyst. The structure of the polymer determines the
type of volatile compounds subjected to reforming in the second stage of
the process. The complexity of the structures of these compounds de-
termines whether the reforming reaction will result in complete con-
version to hydrogen and carbon monoxide or whether intermediate
products with a simpler structure will be produced, thereby reducing the
efficiency of syngas generation. LDPE decomposes into short molecular
compounds, which are easily reformed into CO and Hy. During pyrolysis,
PS decomposes mainly into aromatic compounds (styrene and toluene),

13

Journal of Environmental Chemical Engineering 11 (2023) 111298

Table 1
Syngas, liquid and solid residue yields for processes with and without the
catalysts.

Plastic Parameter No Ni-WC/ Ni-WC/
type catalyst MgWO4/ Al,03
MgAl,04
LDPE Syngas generation ~ Hp 4.55 18.01 +£0.91 18.05
yield [mmol/g;] +0.33 +0.39
CO 5.45 30.19 +1.51 25.44
+0.28 +1.27
CH4 5.21 5.87 +£0.31 6.06
+0.25 +0.31
Hy 10.00 48.20 + 2.41 43.49
+ CO +0.51 +2.17
Hy/CO [-] 0.83 0.60 0.71
Liquid yield 0.17 0.09 0.15
[g/gpl
Solid residue/char 0.01 0.01 0.02
[g/8p]
PS Syngas generation  Hj 2.01 8.93 £ 0.45 7.56
yield [mmol/gp] +0.11 +0.38
Cco 3.58 27.6 £1.38 16.82
+0.18 +0.84
CH,4 0.82 0.73 + 0.04 1.04
+ 0.04 + 0.05
Hy 5.59 36.53 + 1.86 24.38
+ CO +0.28 +1.21
H,/CO [-] 0.56 0.32 0.45
Liquid yield 0.46 0.49 0.44
[g/8p]
Solid residue/char 0.01 0.01 0.02
[8/8p]
PET Syngas generation  Hj 0.85 6.42 + 0.32 7.43
yield [mmol/gp] + 0.05 +0.37
Cco 2.32 19.57 + 0.98 19.13
+0.12 +0.95
CH,4 1.05 0.71 + 0.04 0.91
+0.06 +0.05
Hy 3.17 25.99 +1.21 25.56
+ CO +0.17 +1.33
H,/CO [-] 0.37 0.33 0.39
Liquid yield 0.02 0.01 0.07
[g/8p]
Solid residue/char 0.49 0.54 0.53
[g/8p]
SWP Syngas generation  Hp 2.29 12.57 £ 0.61 12.00
yield [mmol/gp] +0.12 + 0.58
Cco 12.78 28.24 +1.45 17.55
+0.64 +0.92
CHy4 1.13 2.73+£0.14 3.52
+ 0.06 +0.19
Hy 15.17 40.81 + 2.21 29.55
+ CO +0.78 +1.37
Hy/CO [-] 0.19 0.45 0.68
Liquid yield 0.19 0.03 0.6
[g/8p]
Solid residue/char 0.06 0.06 0.07
[g/gp]

which, when applied to the catalyst bed, are reformed into simpler
compounds. However, these compounds are in the liquid state under
normal conditions, which is why high values of the obtained liquid
products were observed. TG/DTG results also showed that the type of
plastic influences the deactivation due to coking and/or oxidation of the
catalyst. The degree of deactivation is closely related to catalyst prop-
erties. Higher activities were obtained for each plastic material for the
Ni-WC/MgWO0,4/MgAl,04 catalyst. Compared to Ni-WC/Al,03, Ni-WC/
MgWO4/MgAl,O4 catalyst was characterized by a smaller crystallite
size, higher basicity, lower content of unbound carbon after the syn-
thesis stage, and stronger interactions between the active phase and the
support, resulting in higher Hy-TPR peak values. Ni-WC/MgWO./
MgAl,O4 catalysts were characterized by coking to a lesser extent than
that of Ni-WC/Al,;O3. XPS results of the spent catalysts revealed that the
surface composition after the PCDR process was similar for both the
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catalysts. Therefore, the differences in the degree of coking may be
explained by the differences in basicity. The basic characteristics of Ni-
WC/MgWO,4/MgAl,04 promote the gasification of the carbon deposits.
It can also be noted that in the case of Ni-WC/Al;03, coking occurs
mainly during the PCDR process, which is visible mainly in the TG/DTG
and XRD results; in the case of Ni-WC/MgW0O4/MgAl;04, coking occurs
to a lesser extent but to a greater extent in the formation of MgWOy,
which can also be catalytically active and enhance interactions between
Ni-W elements.

4. Conclusions

In summary, Ni-WC/MgWO04/MgAl;04 and Ni-WC/Al03 catalysts
were synthesized using a hydrothermal method followed by carbo-
thermal reduction at 980 °C and passivation. The renewable saccharide
glucose was used as a carbon source. The activity and stability of the
catalysts were tested in pyrolysis combined with dry reforming (PCDR)
of three types of plastics: low-density polyethylene (LDPE), polystyrene
(PS), polyethylene terephthalate (PET), and their mixture (SWP). The
process comprises two steps: pyrolysis of the plastic feedstock and dry
reforming of the formed pyrolytic gases. The PCDR processes were
conducted in the presence and absence of catalysts.

The PCDR process allows for resource recovery from waste. During
the process gas and liquid fuels are generated. Syngas production for
processes with catalysts was several times higher for each of the tested
plastics than for processes without a catalyst. This proves the measur-
able benefits of using the catalyst in the recovery of raw materials via the
PCDR route. For example, for the PCDR low-density polyethylene car-
ried out with Ni-WC/MgWO04/MgAl»,04 catalyst, the total value of syn-
gas generated was 48.20 £ 2.41 mmol/gp, while for uncatalyzed
process equaled 10.00 + 0.51 mmol/gp,. It was found that the properties
of the plastics strongly determined the efficiency of gas, liquid, and solid
product distribution, as well as the structural changes in the catalyst.
The efficiency of gas fraction generation was in the following order:
LDPE>PS>PET. The highest amounts of the liquid fraction were
observed for PS, whereas the highest values of solid residue were
observed for PET. Owing to the differences in the distribution of the
obtained solid, liquid, and gaseous products, it is possible to control the
composition of the output streams by selecting the appropriate catalyst
and plastic feed.

The differences in the properties of the individual plastics affected
the structural changes in the Ni-WC/MgWO,4/MgAl,04 and Ni-WC/
AlyO3 spent catalysts.

e In the case of the PCDR of polystyrene, preservation of the carbide
crystal structure was observed for both catalysts. However, the for-
mation of amorphous carbon deposits was identified based on the
TG/DTG profiles.

In the case of the PCDR of PET using the Ni-WC/MgWO04/MgAl>04
catalyst, oxidation to MgWO,4 and W30g was observed. In the case of
Ni-WC/Al,03, despite oxidation to tungsten oxide, the formation of
graphitic carbon was identified. For the Ni-WC/MgWO04/MgAl>04
catalyst, the XRD peaks assigned to C overlapped with those of the
MgWO4 phase. For both the catalysts, the mass loss observed during
the TG test was the smallest, indicating the highest degree of
oxidation of the samples.

After the PCDR of the LDPE and SWP spent catalysts were charac-
terized by the largest mass loss observed in the TG profiles. The
position of the DTG peaks for this polymer was at the highest tem-
perature, which indicates the formation of carbon with an ordered
structure of graphitic carbon [88].

Despite the influence of the plastic type on the decomposition of the
products, differences in activity were observed between the two cata-
lysts. The most significant differences were observed in the amount of
generated carbon monoxide. For each PCDR process, higher summary
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amounts of syngas were observed for the Ni-WC/MgWO0O,4/MgAl,04. The
Ni-WC/MgWO04/MgAl,04 catalyst was characterized with smaller crys-
tallite sizes for both phases of nickel and tungsten carbide, stronger in-
teractions between the active phase and the support and higher basicity
compared to Ni-WC/Al,03. Higher basicity of the Ni-WC/MgWO,4/
MgAl,04 catalyst promoted carbon deposits gasification. Formation of
MgWO, phase may also improve the Ni-WC/MgWO0,/MgAl,04 activity.
These properties are crucial for reforming of pyrolysis volatiles and
carbon dioxide activation and the further reaction to hydrogen and
carbon monoxide.

The obtained results indicate the high potential of carbide catalysts
for the PCDR process, and may be a starting point for further research on
the development of carbide catalytic materials for effective pyrolysis
combined with dry reforming.
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